The CYP2C19 gene plays a detrimental role in the metabolism of clopidogrel. This study aimed to investigate the association between CYP2C19 polymorphisms and the clinical efficacy of clopidogrel therapy in patients who have undergone carotid artery stenting (CAS). CYP2C19 genotype screening was performed on 959 ischemic stroke patients. Of these patients, 241 who had undergone CAS were enrolled in the study. They were all followed up for 1 year after stent surgery, and the primary clinical end-points were ischemic events. The frequencies of the CYP2C19*2 and *3 alleles among the 959 patients were 31.80% and 5.06%, respectively. Regarding the 241 participants who had undergone CAS, multivariate Cox regression analysis showed that the CYP2C19 loss-of-function (LOF) alleles (*2 and *3) were risk factors for post-CAS prognosis. Within 1 year of follow-up, the patients carrying the CYP2C19 LOF alleles were more likely to experience ischemic events than those carrying none. The occurrence of ischemic events did not significantly differ between the *2 and *3 allele carriers. Our results suggest that CYP2C19 LOF alleles (*2 and *3) significantly impact the prognosis of patients on clopidogrel therapy after CAS and that the CYP2C19*2 and CYP2C19*3 alleles have the same effects on prognosis.
Carotid artery atherosclerotic stenosis is an important risk factor for ischemic stroke. Approximately 20% of ischemic stroke cases are due to focal atherosclerosis and consecutive narrowing (stenosis) of the internal carotid artery [1] [2] [3] . Carotid artery stenting (CAS) is an alternative option for treating carotid atherosclerotic stenosis [4] [5] [6] [7] . Although CAS is associated with increases in the minor stroke rate and cost, it possesses the advantages of noninvasiveness and easy recovery. After CAS, patients must be administered a long-term regimen of clopidogrel for antiplatelet therapy [8] [9] [10] . Clopidogrel is a prodrug that requires hepatic cytochrome P450 (CYP) for its conversion into an active metabolite 11 . CYP2C19 is one of the principal CYP enzymes that affect the metabolism of clopidogrel. At least 25 genetic variants of CYP2C19 have been identified 12 . Among them, the wild-type CYP2C19*1 allele is associated with functional CYP2C19-mediated metabolism, while the most common CYP2C19 loss-of-function (LOF) variant alleles are CYP2C19*2 and *3, which account for the majority of defective genotypes 13 . The CYP2C19 LOF alleles (*2 and *3) reduce the level of the active metabolite of clopidogrel in the blood, which contributes to a decrease in the function of clopidogrel, resulting in inhibiting platelet aggregation [14] [15] [16] . Furthermore, the allelic frequencies of CYP2C19 variants display significant interethnic differences. Compared to other racial groups, the frequencies of the CYP2C19*2 (681 G > A change in exon 5) 17 and CYP2C19*3 (636 G > A change in exon 4) 18 alleles in Asian populations are significantly elevated 19, 20 . This indicates that individuals of Asian descent are more likely to be resistant to clopidogrel.
Several large cohort studies have reported that patients with the CYP2C19*2 or CYP2C19*3 allele who have undergone percutaneous coronary intervention (PCI) are more likely to experience worse clinical outcomes during clopidogrel therapy 15, [21] [22] [23] . A study of acute ischemic stroke has also shown that patients with CYP2C19
Baseline characteristics. According to the differences in their CYP2C19 genotypes, the 241 patients undergoing CAS were divided into the following 5 groups (none of the patients had the *3/*3 genotype) : *1/*1 (n = 89), *1/*2 (n = 116), *1/*3 (n = 16), *2/*2 (n = 16), and *2/*3 (n = 4). The average patient age was 64.3 years (SD, 9.3), 90% of the patients were men, and the percentage of patients with a degree of stenosis of over 70% was 62.7%. Almost all of the patients received dual antiplatelet therapy during the pre-operative period. No differences were observed in the baseline characteristics among the 5 groups (Table 2) . Table 2 . Baseline characteristics of patients who had undergone CAS. The values are the mean ± SD or n (%). CYP2C19*3/*3 (n = 0).
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Risk factors for the primary end points. The multivariate Cox regression model was used to determine the independent risk factors for the primary end-points. We included age, sex, smoking, hypertension, hyperlipidemia, and diabetes in multivariate Cox regression analysis to identify independent correlates of the primary end-points ( Table 3 ). The results showed that the CYP2C19 LOF alleles (*2 and *3) were risk factors for post-CAS prognosis (relative risk, 2.411; 95% CI, 1.050 to 5.537; P = 0.038).
Clinical end-points. Based on the results obtained using the Cox regression model, we explored the respective effects of the different CYP2C19 genotypes on the clinical prognosis of the patients treated with clopidogrel after CAS. Over the 1 year follow-up period, the primary endpoint of ischemic events occurred in 7 (7/89) patients with the CYP2C19 *1/*1 genotype, 21 carrying 1 CYP2C19 LOF allele (17 patients with *1/*2 and 4 with *1/*3), and 6 carrying 2 CYP2C19 LOF alleles (4 patients with *2/*2 and 2 with *2/*3). First, we divided the 241 patients who had undergone CAS into the following two groups according to whether they carried CYP2C19 LOF alleles: a group of patients with CYP2C19 LOF alleles (*2 and *3) and a group of non-carriers (*1/*1). We generated Kaplan-Meier curves to compare the 1-year recurrence of ischemic event-free survival. The curves showed that the patients carrying CYP2C19 LOF alleles (*2 and *3) were more likely to experience ischemic events than the non-carriers (hazard ratio, 2.131; 95% CI of the ratio, 1.067 to 4.255; P = 0.032; Fig. 1A ). Second, we evaluated whether the CYP2C19*2 and CYP2C19*3 alleles had the same effect on the primary end-points. The results showed that the influences of the CYP2C19*2 and CYP2C19*3 alleles on clinical events did not differ (hazard ratio, 0.4708; 95% CI of the ratio, 0.1562 to 1.419; P = 0.1808; Fig. 1B ). Finally, we divided the patients into two groups according to the number of carried LOF alleles as follows: 1 CYP2C19 LOF allele (n = 132) and 2 CYP2C19 LOF alleles (n = 20). No differences were observed in the clinical end-points between the two groups (hazard ratio, 2.441; 95% CI of the ratio, 0.7786 to 7.651; P = 0.1258; Fig. 1C ). However, according to the trends observed in the survival curves, at almost 100 days, the cumulative survival rates significantly differed among the groups. Therefore, we performed further analysis and found that after postoperative day 107, the risk of cumulative ischemic events showed an increasing trend according to the number of CYP2C19 LOF alleles (hazard ratio, 6.176; 95% CI of ratio, 1.145 to 33.32; P = 0.0342; Fig. 1D ).
Discussion
In our study, we first confirmed the association between CYP2C19 polymorphisms and the clinical efficacy of clopidogrel therapy in patients who had undergone CAS in China. A total of 241 patients who had undergone CAS were enrolled in this study and were divided into 5 groups according to their CYP2C19 genotypes. The multivariate Cox regression model showed that the CYP2C19 LOF alleles (*2 and *3) were risk factors for post-CAS prognosis. The results of Kaplan-Meier curve analysis of the clinical end-points also confirmed this finding by revealing that the patients carrying the CYP2C19 LOF alleles (*2 and *3) were more likely to experience ischemic events than the non-carriers. These results all demonstrate that the CYP2C19 LOF alleles (*2 and *3) are risk factors for the prognosis of patients who have undergone CAS and are on clopidogrel therapy. In our study, the allelic frequency of CYP2C19*2 was 31.80% and that of CYP2C19*3 was 5.06%. Previous studies have shown that the allelic frequency of CYP2C19*2 in Asian populations is approximately 30%, and that of CYP2C19*3 is approximately 10% 19, 20 . Furthermore, a study of an East Asian population 16 has reported that the frequencies of the CYP2C19*2 and CYP2C19*3 alleles are 28.6% and 8.3%, respectively. The CYP2C19*2 allelic frequency observed in our study is in line with these previous findings; however, the CYP2C19*3 allelic frequency is lower than previously reported. The study of the East Asian population 16 enrolled 266 Korean patients, whereas we enrolled 959 Chinese patients for CYP2C19 gene screening. Therefore, the CYP2C19*3 allelic frequency may have been lower in our study than in the previous study because of sample size and regional differences. The allelic frequencies of CYP2C19*2 in Caucasian and African-American populations are 13% and 18% 19, 20 , respectively. In addition, those of CYP2C19*3 in these populations are less than 1% 19, 20 . Compared to other racial groups, the CYP2C19 LOF alleles occur more frequently in Asian populations.
With regard to the primary clinical end-points, we found that the influences of the CYP2C19*2 and CYP2C19*3 alleles on clinical events did not differ, which is in agreement with the findings of Jeong, Y. H. et al. 16 , who also noted that the occurrence of cardiovascular events increased according to the number of CYP2C19 LOF alleles. However, in our study, the number of CYP2C19 LOF alleles only had an effect on the end-points after day 107. There are two possible reasons for the lack of statistical significance observed during the first 107 Table 3 . Risk factors for primary end point events.
days post-CAS. The first reason may be that a limited sample size was studied, and the second may be that aspirin was used for first 90 days after CAS. Thus a large sample study is required for further validation of these findings. With regard to the secondary clinical end-points, two patients experienced cerebral hemorrhage during the follow-up period, and the genotypes of these patients were *1/*1 and *1/*2. Because of the relatively small sample size, we are not sure whether these CYP2C19 gene polymorphisms are associated with hemorrhagic stroke. We also determined the National Institutes of Health Stroke Scale (NIHSS) and mRS scores of the patients who had undergone CAS over the 1 year of follow-up. As the ischemic symptoms of the patients who had undergone CAS had improved greatly during the post-operative period, the scores among the different groups divided according to the CYP2C19 genotype did not statistically significantly differ.
This was a single-center study, so it has some limitations. First, all of the patients were enrolled from our hospital. However, China is a multi-ethnic country. Therefore, the population enrolled and the frequencies of CYP2C19 genotypes observed in the current study, are the most representative of the Han nationality in southwest China. Thus, there might have been selection bias in the choice of the population. Further multi-center, large sample studies are needed to expand upon our findings. In addition, a previous study has reported that CYP2C19 genotypes can affect the pharmacokinetics and pharmacodynamics of clopidogrel, for example, by reducing the level of the active metabolite of clopidogrel 14, 15 and by markedly influencing ADP-induced platelet aggregation 21, 25 . However, part of this study included retrospective analysis, and we were not able to obtain complete relevant data from our stroke database to confirm these previous findings. Furthermore, patients enrolled in some studies were given a 300-600 mg oral loading dose of clopidogrel followed by 75 mg per day before the PCI 15, 21 . And platelet reactivity testing is not recommended before day five unless using a starting dose of 300 or 600 mg at day 1 due to the feared "false rate of non-or low-responders". These phenomena might were caused by The curves represent the percentage of patients surviving at the endpoints. The numbers below the survival curves are the numbers of patients in each group who survived at the endpoints and were still at risk over the follow-up period. (B) The cumulative survival rates did not differ between the patients with the CYP2C19*2 and CYP2C19*3 alleles. These alleles are both included in the genotype *2/*3; therefore, patients with this genotype are counted twice. (C,D) The rates of recurrence of ischemic event-free survival did not differ between the two groups during the first 107 days post-CAS. After postoperative day 107, these rates were significantly different between the groups.
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In conclusion, we found that patients who have undergone CAS and carry CYP2C19 LOF alleles (*2 and *3) are more likely to experience ischemic events during clopidogrel therapy. For these patients, a high dose of clopidogrel should not be used. Future studies are recommended to valuate alternative antiplatelet drugs, such as ticagrelor, prasugrel or additional cliostazol 26 . In addition, patients should be watched for bleeding events, because ticagrelor and prasugrel are associated with increased bleeding rate 26 .
Methods
Study Populations. For CYP2C19 gene screening, between November 2012 and June 2014, 959 ischemic stroke patients at our hospital were found to meet the following inclusion criteria: 1) a clinical diagnosis of ischemic stroke 27 ; and 2) long-term use of clopidogrel as the main drug for ischemic stroke prevention. The exclusion criterion was cerebral embolism.
Among the 959 patients who underwent CYP2C19 genotype screening, a total of 241 were selected for enrollment in the study according to the inclusion and exclusion criteria (Fig. 2) . The inclusion criteria were as follows: 1) carotid artery atherosclerotic cerebrovascular disease requiring CAS ( with a reduction in the diameter of the lumen of the internal carotid artery of more than 70%, as documented by noninvasive imaging, or by more than 50%, as documented by catheter angiography, and an anticipated rate of periprocedural stroke or mortality of less than 6% 10 ); 2) an age of 18-80 years old; 3) the receipt of clopidogrel for long-term antiplatelet therapy after post-procedural dual antiplatelet therapy; and 4) the receipt of CYP2C19 gene screening. The exclusion criteria were as follows: 1) contraindication to antiplatelet therapy; 2) requirement for a carotid stenting because of carotid artery dissection; and 3) the use of additional antiplatelet drugs or anticoagulant drugs post-CAS. The 241 patients who had undergone CAS were divided into 6 groups according to the different CYP2C19 genotypes.
This study was approved by the Medical Ethics Committee of Xinqiao Hospital, Third Military Medical University. Informed consent was obtained from all participants or their authorized family members. The study protocol was performed in accordance with relevant ethical guidelines and regulations for human studies.
Dosage and Administration.
Dual antiplatelet therapy consisting of 75 mg clopidogrel and 100 mg aspirin daily, beginning at 3-5 days before the intervention, was administered to all patients in this cohort. Dual antiplatelet therapy was also used after CAS, with a recommended duration of 3 months or at least 1 month 10 . After completing the dual antiplatelet therapy, all patients received 75 mg clopidogrel daily for long-term antiplatelet therapy [8] [9] [10] . Genetic Analysis. Genotyping (CYP2C19*1, CYP2C19*2, and CYP2C19*3) was performed using a commercially available kit (BaiO Technology Co, Ltd, Shanghai, China) after the extraction of genomic DNA from whole blood 16, 24 , collected from the patients enrolled in the study and kept an anticoagulant tubes. We used a nucleic acid extracting reagent (BaiO Technology Co, Ltd, Shanghai, China) to obtain high-purity genomic DNA from the whole-blood samples. Polymerase chain reaction (PCR) was performed according to the following protocol: 50 °C for 5 minutes, 94 °C for 5 minutes, and 35 cycles at 94 °C for 25 seconds, 48 °C for 40 seconds, and 72 °C for 30 seconds, followed by elongation at 72 °C for 5 minutes. We obtained images of the hybridization of the amplification products with the gene probes. The images and data were analyzed using BaiO Array Doctor Version2.0 (BaiO Technology Co, Ltd, Shanghai, China) software and BSE 040101 (BaiO Technology Co, Ltd, Shanghai, China) software.
End-points and Follow-up. The primary clinical end-points were ischemic events, including 1) previous ischemic symptom recurrence, 2) previous cerebrovascular transient ischemic attack (TIA), 3) stent thrombosis, 4) new cerebral infarction caused by previous cerebrovascular, and 5) death. The secondary clinical end-point was hemorrhagic stroke.
We recorded whether the patients experienced a clinical end-point within 1 year after CAS. The patients were followed-up at the 1st, 3 rd and 6th months, and at 1 year after CAS, because they were required to return to the hospital for regular check-ups during this time period. Additional information was obtained via telephone or from outpatient medical records as necessary.
Statistical Analysis. All data were analyzed using SPSS version 19.0 software. Measurement data are presented as the mean ± SD. Furthermore, the data were compared using one-way ANOVA test. Enumeration data are presented as numbers or percentages, and were compared using the chi-square test or Fisher's exact test. Multivariate Cox regression analysis of independent risk factors was performed to assess the primary end-points. Kaplan-Meier curves were generated to compare the 1-year recurrence of ischemic event-free survival among the patients with the different CYP2C19 genotypes. A P value of < 0.05 was considered statistically significant.
